Two chiral binaphthyl-based enantiomers, (R/S)-7, were designed and synthesized by Sonogashira crosscoupling reaction of AIE-active TPE and O-BOPHY. Interestingly, the resulting (R/S)-7 can exhibit emission enlargement response in DCM/hexane mixtures due to AIE behavior, but fluorescence quenching in THF/H 2 O mixtures due to ACQ effect. (R/S)-7 can produce gradual reversal AICD (aggregation-induced circular dichroism) signals from solution to aggregation, which can be attributed to axial chirality transfer to self-assembled helical nanowires in aggregation state.
Introduction
In the past ten years, uorine-boron hybrid complexes have attracted much attention on the organic functional materials for optoelectronic devices, solar cell, OLED and bioprobes.
1 It is well known that bis(diuoroboron)-1,2-bis{(1H-pyrrol-2-2-yl) methylene}hydrazine (BOPHY) and 4,4-diuoro-4-bora-3a,4a-diaza-sindacene (BODIPY) dyes have been regarded as excellent chromophores due to their high quantum yields, sharp uo-rescent emission band and narrow absorption.
2 However, BOPHY and BODIPY dyes oen show small Stokes' shi which oen causes serious self-reabsorption affecting the optical properties.
3 It is of great signicance to design D-p-A type molecules and prevent the self-reabsorption via intramolecular energy transfer (IET) mechanism.
4 Recently, our group reported mirror-image red-color circularly polarized luminescence (CPL) material of chiral BINOL-based O-BODIPY enantiomers via IET mechanism from the AIE-active tetraphenyl ethylene (TPE) moiety to the chiral O-BODIPY chromophore in DCM/hexane mixtures.
5
Most organic molecules have aggregation-caused quenching (ACQ) effect which is a harmful photophysical effect on their practical applications.
6 Since 2001, Tang's group rst found a kind of the propeller-shaped silole molecule with aggregationinduced emission (AIE) feature which could successfully solve the problem of ACQ.
7 Meanwhile, Park and his co-workers also observed a kind of uorescent organic nanoparticles with aggregation-induced emission enhance (AIEE) response behavior in 2002. 8 Recently, more and more works have been focused on the AIE or AIEE-based functional molecules as optoelectronic devices and biosensors.
9 Therefore developing tunable aggregation-induced CPL (AICPL) materials based on chiral AIE luminogens have received considerable interest in the aggregate state by choosing various chiral unit and chromophores. But so far there have been only a few reports on AICPL materials based on chiral AIE-active organic uorescence molecules. Especially, it is quite difficult to adjust and control the CPL signal polarization direction of common chiral organic uorescence molecules without changing chiral congura-tion.
10 Our group reported reversal AICPL signals of chiral binaphthyl-based molecules from cis-conformation in solution to trans-conformation in aggregation state due to the dihedral angle enlargement of two naphthyl rings.
11
Chiral BINOL-based uorescence molecules have been successfully used for CPL materials due to high chiral induction feature. Moya's group reported a novel CPL material based on chirality perturbing from BINOL moiety to the achiral chromophore (BODIPY).
12 So far, there has been no report on reversal CPL signal from solution system to aggregation state via self-assembled helical nanobers. In this work, we synthesized two chiral binaphthyl-based enantiomers incorporating BODPHY as chromophore and TPE as AIE-active group, which can exhibit AIEE effect in DCM/hexane solution and ACQ effect in THF/H 2 O solution, but no change for reverse AICPL signals can be observed in different solution system. Interestingly, reversal AICD signals was observed in THF/H 2 O solutions as the increases of water fraction, which can be attributed to the formation of self-assembled helical nanowires in the aggregation state via axial chirality transfer. 10a,13 Compared with the previous reports on AIE-active TPE-based molecules, almost all of them showed aggregation-induced emission enhancement (AIEE) response behaviors. 
Results and discussion
The detailed synthesis procedures of (R/S)-7 can be obtained by the starting product 2,4-dimethyl-1H-pyrrole via 6 steps in the total yield of 12.3% as shown in Scheme 1. Bis(diuoroboron)-1,2-bis{(1H-pyrrol-2-2-yl)methylene}hydrazine (BOPHY) 3, 4 and 6 were synthesized according to the reported works.
10d, 12, 15 (R/S)-5 was synthesized from 4 and (R/S)-BINOL, and (R/S)-7 was obtained by palladium-catalyzed Sonogashira coupling reaction of (R/S)-5 with 6 in about 64% yield (ESI 2 †). Herein, the designed chiral binaphthyl-based O-BOPHY enantiomers are composed of three functional moieties: (i) TPE as AIE-active group and energy transfer part; (ii) BINOL as the chiral source; (iii) BOPHY as the acting chromophore.
The UV-vis absorption of (R/S)-7 was carried out in different solution systems of DCM/hexane and THF/H 2 O mixtures as shown in Fig. 1 . (R/S)-7 enantiomers show the similar absorption spectra in both DCM/hexane and THF/H 2 O solutions and have three main absorption peaks centered at 230, 336 and 500 nm, which can be regarded as the absorption peaks of the binaphthyl, TPE and BOPHY of three functional moieties, respectively. The UV-vis spectra of (R/S)-7 did not show obvious change in DCM/hexane mixtures ( Fig. 1a) , but there appears a little red-shi for TPE (about 6 nm) and BOPHY (about 16 nm) moieties in THF/H 2 O mixtures as the increase of the water fraction (Fig. 1b) .
In this paper the uorescence spectra (R/S)-7 were excited by using 366 nm to avoid self-absorption interference due to the small Stokes' shi of BOPHY chromophore. As is evident from Fig. 2 , it can be clearly observed that (R/S)-7 displays uores-cence emission band at 539 nm with 0.11 of F F (uorescence quantum yield) in DCM solution (Fig. 2a) . Upon the addition of the poor solvent hexane, the emissive intensity of (R/S)-7 gradually enhances with 5 nm blue-shi at 95% hexane fraction, the F F value can reach as high as 0.31 and 2.94-fold higher than that in DCM solution. Meanwhile, (R/S)-7 in THF solution has similar uorescence emission at 538 nm with 0.07 of F F . Interestingly, (R/S)-7 shows obvious uorescence quenching response as the increase of water fraction (Fig. 2b) , and almost no uorescence emission signal could be observed at f w ¼ 95%, which can be regarded as ACQ effect. Based on the results of the dynamic light scattering (DLS) measurement (ESI Fig. S1 †), we found the particle size of (R/S)-7 in THF/water mixtures enlarged from 64.64 nm at f w ¼ 60% to 556.33 nm at f w ¼ 95%, indicating that (R/S)-7 aggregates produce the solid precipitate in high water fraction.
On the contrary, (R/S)-7 can still keep the stable nanoaggregates with a mean diameter of 9.05 nm at 95% in DCM/ hexane solution system. Therefore, the morphologies of aggregates in THF/water mixtures were performed by using with scanning electron microscope (SEM). When the fraction of the water is below 70%, (S)-7 forms nanorods (Fig. 3, upper) . We are very pleased to nd that (S)-7 can self-assemble to le-handed helical nanowires with length up to micrometers at 5 vol% f w (Fig. 3, lower) .
Herein, we further studied the circular dichroism (CD) spectra to investigate the chirality change feature of (R/S)-7 from solution to nanoaggregate. The enantiomeric (R)-7 and (S)-7 can exhibit excellent mirror CD signals in DCM and THF solution (Fig. 4) , respectively. Similar to the UV-vis spectra, the CD spectra have Scheme 1 Synthesis of (R/S)-7 enantiomers. ). f HEX is the volume fraction of hexane, f w is the volume fraction of water.
three main absorption signals-about 240 nm for binaphthyl unit, about 340 nm for TPE unit and about 500 nm for BOPHY unit, which indicates that the chirality of binaphthyl unit can effectively transfer to the AIE-active group (TPE) and chromophore moiety (BOPHY). In DCM/hexane mixtures, only the intensity of CD signals at 537 nm from the CD absorption of BOPHY unit shows the gradual decrease as the increase of hexane fraction (Fig. 4a) . The g abs compound (R)-7 declined from 7.4 Â 10 À4 to 3.1 Â 10
À4
, when the fraction of poor solution increases from 0% to 95%. For THF/water solution, almost no change in CD absorption spectra of (R/S)-7 can be observed before 60% water fraction. Interestingly, aggregation-induced CD signals of (R/S)-7 exhibit great difference from the Cotton effect peak of BOPHY unit situated at about 490 nm. As the increase of water fraction to 95%, AICD signals appear reversal and redshi to 520 nm ( Fig. 4b and c) , which may be attributed to axial chirality transfer to self-assembled helical nanowires in aggregation state (Fig. 3) .
12
Most importantly, the g abs of (R)-7 also shows reverse change from 4.0 Â 10 À4 to À4.1 Â 10 À4 while the fraction of poor solution increases from 0% to 95% (Fig. 4b and c) . The interesting AICD response behaviour for (R/S)-7 in the maximal absorption band demonstrates that the chirality of binaphthyl moiety can induce the BOPHY chromophore in its ground state, which inspired us to further investigate their CPL property. As is evident from Fig. 5 , (R/S)-7 can show mirrorimage CPL signals centered at about 550 nm from BOPHY chromophore in both DCM and THF solution. Upon addition of poor solvent, almost no change can be observed for the CPL spectra of (R/S)-7 in DCM/hexane mixtures, which is similar to CD spectra. But while the fraction of hexane exceeds 90%, CPL signals the g-values (g lum ) of (R/S)-7 have a slight decrease from 5.4 Â 10 À4 to 2.7 Â 10 À4 . For THF/H 2 O solution system, we found the g lum of (R/S)-7 can reach as high as 5.5 Â 10 À4 and show no obvious change when the water fraction is below 40%. On the contrary, the CPL signal of (R/S)-7 almost disappears aer the water fraction is over 60%, which is also similar to uorescence quenching behaviour (ACQ effect). The reason may be attributed to the formation of the solid precipitate at high water fraction, which leads to very weak uorescence emission (Fig. 2b) . In our previous report, chiral BINOL-based O-BODIPY enantiomers incorporating TPE as AIE-active group also showed on change on the chiroptical properties of CD and CPL either in DCM solution system or aggregate state in DCM/hexane. 
Experimental section

Materials and measurements
All reagents and solvents were purchased from commercial sources and analytical grade reagent. NMR spectra were recorded on Bruker Avance 400 spectrometer, using TMS as an internal standard. Fluorescence spectra recorded with an RF-5301PC spectrometer. UV-vis spectra and circular dichroism (CD) were obtained on JASCO J-810 spectropolarimeter. Circularly polarized luminescence (CPL) spectra were acquired using the JASCO CPL-200 spectrouoropolarimeter. Elemental analysis was performed on an Elementar Vario MICRO analyzer. All optical measurements were investigated in THF and THF/water mixtures with a uniform concentration (
). The level of CPL properties is evaluated by the luminescence dissymmetry factor (g lum ), which is calculated as g lum ¼ 2(I L À I R )/ (I L + I R ) ¼ 2DI/I, where I L and IR represent the emission intensities of le and right circularly polarized luminescence, respectively. Experimentally, the value of glum is calculated by DI/I ¼ [ellipticity/(32 980/ln 10)]/(unpolarized PL intensity) at the CPL extremum. Quantum yields were determined by the optically dilute relative method using the following equation:
where F S is the quantum yield of the lanthanide complex, F R is the quantum yield of the reference, A is the absorbance at the excitation wavelength, I is the relative intensity of the excitation light at the same wavelength, n is the refractive index, and the subscripts "S" and "R" refer to sample and reference, respectively. In this case, quinine sulfate in 0.5 M sulfuric acid was used as reference (F R ¼ 0.55).
Synthesis of (R/S)-5
A mixture of 4 (464 mg, 1 mmol), and aluminum chloride (633 mg, 4 mmol) in dry CH 2 Cl 2 (20 mL), was reux until reaction completion (reaction monitoring by TLC), then, a solution of the corresponding enantiopure 1,1 0 -bi(2-naphthol) ((1R)-BINOL or (1S)-BINOL, 858 mg, 3 mmol) in anhydrous acetonitrile (10 mL) was added dropwise. The resulting mixture was stirred at room temperature for additional 6 h, washed with brine (1 Â 10 mL) and dried over anhydrous Na 2 SO 4 . Aer ltration and solvent evaporation under reduced pressure, the obtained residue was puried by ash chromatography (petroleum ether) to afford 5 as an orange solid (318 mg, 35% 
Synthesis of (R/S)-7
A mixture of compound (R/S)-5 (200 mg, 0.18 mmol), 6 (138.33 mg, 0.39 mmol), Pd(PPh 3 ) 2 Cl 2 (5% mmol), CuI (5% mmol) were added to THF (20 mL) and Et 3 N (10 mL) under nitrogen atmosphere. The reaction mixture was stirred at 80 C for 36 h. Aer cooling to room temperature, the solvent was removed under reduced pressure. 153.14, 152.53, 143.72, 143.43, 143.38, 143.27, 141.54, 141.16, 140.14, 136.09, 133.47, 133.01, 131.31, 131.26, 131.24, 130.54, 130.22, 130.19, 129.93, 129.78, 128.14, 128.00, 127.78, 127.68, 127.61, 127.21, 126.61, 126.55, 126.53, 125.90, 125.57, 124.11, 123.73, 122.69, 122.59, 122.20, 121.96, 121.85, 121.03, 112.92, 95.37, 81.59, 29.67, 29.63, 13.21, 9.85 
Conclusion
In summary, the chiral BOPHY-based enantiomers incorporating TPE group can exhibit emission enlargement response in DCM/hexane due to AIE behavior, but uorescence quenching in THF/H 2 O due to ACQ effect. Reversal AICD signals can be observed from solution to aggregation only in THF/H 2 O due to axial chirality transfer to self-assembled helical nanowires in aggregation state. The mirror-image CPL signals can be detected in DCM/hexane and low water fraction of THF/H 2 O.
